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CALCULATION  OF  THE  GLASS  TRANSITION  TEMPERATURES  OF  LINEAR  POLYMERS 
PART  3  EVALUATION  OF  CALCULATION  RELATIONSHIPS 

by 

W.  A.  Lee 


SUMMARY 

Four  equations,  relating  the  structure  of  polymers  in  numeri¬ 
cal  form  to  their  glass  transition  temperatures  (Tg)s,  are  evalu¬ 
ated  using  a  large  data  set  of  1179  polymers.  Additive  temperature 
parameters,  for  the  relationship  giving  the  best  fit  to  the  data, 
are  tabulated  which  enable  predictions  to  be  made  of  many  polymer 
Tgs  outside  the  data  set.  These  parameters  also  provide  a  measure 
of  the  relative  effectiveness  of  groups  in  internally  plasticising 
polymers.  C f -  ~  <2 
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1  INTRODUCTION 

This  is  Parc  3  of  a  series  of  Reports  on  che  calculation  of  the  glass 
cransicion  temperatures  (Tgs)  of  linear  polymers.  An  ea.  Lier  Technical  Memoran¬ 
dum  emphasised  the  importance  and  significance  of  the  Tv',  Part  1  of  this  series 
described  how  a  large  data  set  of  polymers  could  be  ordered  unambiguously  ,  and 
Part  2  described  the  data  set  itself^. 

Since  the  glass  transition  temperature  (Tg)  of  polymers  was  first  observed, 
workers  have  attempted  to  relate  polymer  chemical  structures  to  their  Tgs  and 
interest  in  che  subject  is  reflected  in  the  fact  that  there  have  been  over  100 
papers  on  the  calculation  of  Tgs  since  1965.  Unfortunately,  the  polymer  data  sets 
to  which  the  relationships  have  been  applied  have  been  insufficiently  large,  in 
most  cases,  to  provide  an  adequate  test  of  their  validity;  the  data  chosen  could 
have  provided,  adventitiously  a  better  fit  to  the  relationships  than  might  be 
found  with  a  different,  or  larger,  polymer  data  set.  The  significance  of  the 

size  of,  and  distribution  of  polymers  and  groups  within,  the  present  data  set  of 

3 

1179  polymers  has  been  discussed  . 

In  the  present  Report,  the  results  of  applying  four  relationships  to  the 
1179  polymer  data  set  are  described.  Additive  temperature  parameters  (ATPs)  are 
calculated  which  may  be  used  in  the  prediction  of  polymer  Tgs;  these  parameters 
also  provide  a  measure  of  the  relative  effectiveness  of  groups  in  internally 
plasticising  polymers.  This  Report  goes  on  to  provide  analytical  data  on  the 
results  in  the  form  of  tables  which  facilitate  updating  of  the  data  set  by  cor¬ 
relating  calculation  errors  with  specific  polymers  and  groups.  However,  this 
aspect  is  not  pursued  in  discussion  as  the  main  object  of  this  Report  is  to  pro¬ 
vide  the  already-mentioned  ATPs. 

2  RELATIONSHIPS  EVALUATED 

Some  of  the  relationships  evaluated  have  been  used  before  on  a  small  data 
set  of  polymers  having  alkyl  side  chains  .  A  much  larger  set  of  such  polymers 
are  included  in  the  present  data  set.  The  previous  analysis  did  not  use  the 
Bayesian  statistics  of  the  present  calculation  and  therefore  did  not  provide  ATPs 
for  each  chemical  group  as  does  the  treatment  described  here^’^.  There  are  other 
distinctions.  The  relationships  tested  in  the  present  analysis  are: 


£*x 

Tg  -  r  cvv  <>> 

l- 1 
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1 

\r?  /ni\ 

Tg 

fi  \?«J  ’ 

(3) 

and 

inTg  - 

Z  (n. inTg. )  , 

i-1  x  1 

(4) 

where  Tg  -  glass  transition  temperature  of  the  polymer, 

Tg.  »  the  additive  temperature  parameter  (AT?)  of  the  ith  group, 
n^  ■  mole  fraction  of  the  ith  group, 
w^  -  weight  fraction  of  the  ith  group 

and  x  -  the  number  of  groups  in  the  polymer. 

In  this  treatment,  a  'group'  is  considered  to  be  the  smallest  polymer  seg¬ 
ment  capable  of  independent  torsional  oscillation  with  respect  to  its  nearest 

.  3 

neighbours  and  is  otherwise  as  previously  defined  .  Each  group  is  identified 

by  an  arbitrary  code  number  and  the  nearest  neighbours  are  considered  to  be 

invariant.  Dependant  as  the  Tg  is  on  the  barriers  to  rotation  between  groups 

and  their  nearest  neighbours,  this  condition  is  considered  to  be  an  essential 

aspect  of  the  present  treatment.  Equation  (1)  has  been  successfully  applied 
7  8 

previously  ’  to  smaller  data  sets  in  a  different  type  of  statistical  analysis. 
This  equation  would  be  the  same  as  the  simplified  form  of  the  DiMarzio  and  Gibbs 

9 

relationship  if  n^  represented  the  fraction  of  rotatable  (flexible)  bonds  in 

the  ith  group  and  Tg^  were  equal  to,  or  a  constant  fraction  of,  the  Tj  value 

of  a  homopolymer  of  the  ith  group;  Tj  is  the  temperature  below  which  such  a 

polymer  possesses  zero  configurational  entropy.  However,  the  application  of  the 

equation  here  is  purely  empirical  and  embodies  the  assumption  that  the  Tg  of  a 

polymer  is  a  linear  function  of  the  Tg  contributions  of  its  constituent  groups 

in  proportion  to  their  mole  fractions,  with  the  important  qualification,  repeated 

2  3 

for  emphasis,  that  the  neighbours  of  the  single-groups  are  invariable  ’  . 

The  application  of  the  first  equation  is  illustrated  with  respect  to  the 

3 

first  polymer  of  Table  S  of  Part  2  whose  structure,  in  numerical  terms  is  repro¬ 
duced  below.  *  indicates  the  beginning  of  a  new  polymer  data  line,  so  "833  I" 
is  a  continuation  line. 

*  1  8  219  56  1  57  1  58  1  59  1  60  1  72  2 

833  1 

The  polymer,  identified  as  number  1,  contains  eight  groups,  has  a  Tg  of  219  K, 
has  one  each  of  groups  type  56,  57,  58,  59,  60  and  833,  and  two  groups  of 
type  72. 
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Applying  equation  (1)  we  find: 

219  -  (56  ♦  57  +  58  +  59  +  60  +  72  +  72  +  833)/P  , 

where  the  group  numbers,  within  parentheses,  are  here  used  to  identify  the  para¬ 
meter  numbers  of  groups,  (ATPs  or  Tg^s),  not  the  parameter  values.  Thus,  for 
example,  56  is  a  parameter  number  for  group  56  which  has  a  value  whose  units  are 
in  degrees  K.  The  Tg  is  therefore  seen  to  be  equated  to  the  average  Tg..  (or  ATP). 

The  statistical  treatment  of  the  equations  is  described  elsewhere^ . 

3  RESULTS 

Each  of  the  equations  provided  a  set  of  ATPs  for  the  groups  in  the  data  set. 
From  these  parameters  the  Tgs  of  all  the  polymers  were  calculated  and  Table  1 
shows  the  rms  of  the  difference  between  calculated  and  observed  Tgs  (rms)  for  the 
four  equations. 

Table  1 


Equation 

rms  (K) 

1 

12.6 

2 

15.6 

3 

21.1 

■  4 

15.2 

Evidently,  the  first  equation  provides  the  lowest  rms  error.  The  maximum  error 
in  calculated  Tg  (see  below)  is  associated  with  the  same  polymer,  polymer  1325, 
for  all  equations.  This  polymer  has  a  side-chain  of  10  carbon  atoms  next  to  a 
heterocyclic  ring  and  the  published  Tg  may  have  been  accorded  to  disordering  of 
the  carbon  chain  and  be  a  sub-transition,  rather  than  Tg  which  is  normally 
regarded  as  marking  substantial  rotational  liberation  in  the  main  chain.  However, 
data  have  not  been  excluded  from  the  set  unless  it  was  more  certain  that  either 
the  structure  of  the  polymer,  or  the  Tg  value  were  positively  in  doubt.  If  the 
errors  in  calculated  Tg  are  compared  with  the  polymer  structures  it  will  be  found 
that  in  many  instances  the  higher  Tg  errors  are  associated  with  polymers  having 
long  carbon-chain  sequences.  Table  2  (microfiche)  provides  details  on  the  dif¬ 
ference  (DIFF)  between  observed  and  estimated  Tgs  for  each  polymer  using  the 
different  equations.  In  the  table,  DIFF,  FDIFF,  HDIFF  and  LDIFF  relate  to 
equations  (1)  to  (4),  respectively. 

As  the  lowest  errors  are  associated  with  equation  (1),  and  equations  (1), 

(3)  and  (4)  are  much  easier  to  apply  than  equation  (2),  which  requires  a  group 
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weight  parameter,  the  remainder  of  this  discussion  of  results  is  restricted  to 
those  deriving  from  the  use  of  equation  ())• 

A  major  interest  of  the  present  work  stems  from  the  need  to  know  the  rela¬ 
tive  contributions  of  different  groups  to  the  Tgs  of  polymers.  Table  3  there¬ 
fore  shows  the  AT?s  associated  with  each  group  in  numerical  order  of  increasing 
ATP  and  Table  4  presents  the  same  data,  but  in  hierarchical  order  of  the  main 
(or  central)  single-group  and  simultaneously  in  increasing  numerical  order  of 
ATP  in  respect  of  groups  having  the  same  main  single-group,  but  one,  or  more, 
different  neighbours;  main-  (M)  and  side-chain  groups  (S)  are  differentiated. 

This  differentiation  applies  to  the  central  group  only.  Though  it  is  not  the 
purpose  of  this  Report  to  do  other  chan  present  the  results  in  the  tables,  it 
will  be  noted  that  numerous  comparisons  may  be  made  between  structures  and  ATPs. 

In  general,  despite  the  empirical  nature  .of  the  relationships,  it  is  seen  that 
those  factors  which  hinder  rotation  of  the  main  group  with  respect  to  the  neigh¬ 
bouring  groups,  such  as  polar  interaction,  bulkiness,  steric  factors,  etc,  tend 
to  raise  the  ATP,  and  conversely,  as  is  well  known  for  polymer  Tgs. 

A  disturbing  feature  of  the  results,  despite  the  low  rms  error,  is  the 
large  error  in  calculated  Tg  (>20K)  associated  with  121  out  of  1179  polymers. 

An  analysis  is  therefore  presented  showing  which  polymers  are  associated  with 
particular  calculated  Tg  errors.  Table  5  (microfiche  computer  printout),  and 
which  groups  are  associated  with  particular  calculated  Tg  errors.  Table  6 
(microfiche  computer  printout).  In  Table  6,  the  columns  are  from  left  to  right: 
line  number  (line  1  is  not  represented),  group  number,  average  Tg  error  (TGE) , 
maximum  Tg  error,  and  paired  numbers  representing  polymer  number  and  associated  Tg 
error  for  however  many  polymers  contained  the  particular  group.  Continuation  lines 
are  distinguished  by  having  no  entries  in  the  second  to  the  fourth  columns. 

4  C0MC1USI0HS 

Of  four  equations,  relating  the  structure  of  polymers  in  numerical  form 
to  their  glass  transition  temperatures  (Tg)s,  the  best  fit,  to  a  large  data  set 
of  1179  polymers,  is  provided  by  the  equation  relating  the  Tg  to  the  mole  frac¬ 
tion  of  groups  in  the  polymers  expressed  in  terms  of  group  additive  temperature 
parameters.  An  important  proviso  of  the  treatment  is  that  the  nearest  neighbours 
of  groups  should  be  invariant. 

Additive  temperature  parameters,  for  the  relationship  giving  the  best  fit 
to  the  data,  are  tabulated  which  enable  predictions  to  be  made  of  many  polymer 
Tgs  outside  the  data  set.  These  parameters  also  provide  a  measure  of  the  rela¬ 
tive  effectiveness  of  groups  in  internally  plasticising  polymers. 
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GROUPS  IN  NUMERICAL  ORDER  OF  ATP 
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